Metamorphic hemispherical microphone array for three-dimensional acoustics
This article describes the realization of a metamorphic stretchable microphone array, which can be inflated by air to morph from a planar to a hemispherical shape. The array undergoes morphological changes to adjust their receive characteristic. To realize this device, a metamorphic printed circuit board technology (m-PCB) is described. The resulting products are millimeter-thin stretchable silicone embedded and electrically interconnected electronic structures with mechanical properties, which resemble a silicone membrane. The microphone array is used to localize a sound source in a 3D space. The results of the planar orientation (resting shape), and the 3D hemispherical orientation after air inflation are compared. The inflated hemispherical microphone array proofs to be better for 3D acoustic localization and/or beam-forming. Metamorphosis is a common phenomenon in nature. For example, in the life cycle of an organism, it describes the change in the appearance or character, from one stage to the next. Metamorphic electronics follows a similar paradigm: Metamorphic electronics are products, which change their form, structure, or function.
1 This is a comparatively new field of electronics, which can be grouped with stretchable electronics and deformable electronics.
In this article, we report a metamorphic acoustoelectronic system using conventional MEMS (micro-electromechanical system) microphones. The use of microphones is widely distributed, starting from our daily life to scientific research. However, a stretchable microphone array has not been reported yet. The stretchable characteristic enhances the functionality. For example, the physical dimension, i.e., in this specific case, the inter-distance between the microphones and the 3D topological orientation can be adjusted. For example, researchers have been trying to manufacture large arrays of microphones in spherical shapes for beam forming and/or sound source localization, 2,3 dimensional room acoustic, 4 music recordings, 5 speech enhancement, 6 and beam-forming 7 applications. The metamorphic microphone array reported in this article can be deformed from a planar to hemispherical shape. Furthermore, we describe a method to manufacture metamorphic microphone arrays using commercially available surfacemounted MEMS microphones and devices. The demonstrated system consists of an array of five microphones and additional surface mount components on a 100 mm wide rubber-like substrate. The array has a total of 60 interconnects, contains 5 different device types, and a total of 25 commercially available surface mount devices (SMDs).
We studied and compared the functionality of the microphones on a hard carrier and after transferring them onto a soft substrate. We measured the phase and amplitude differences using an array of microphones in two different orientations: planar and hemispherical orientation (due to air inflation). The values for both orientations are used to estimate the location of the sound source in a 3D space using a well-established "cone of confusion" algorithm. 8 The inflated hemispherical orientation provides a better (12Â) localization comparing with the planar orientation. Figure 1 presents the fabrication process steps to realize metamorphic printed circuit boards next to photographs of corresponding test structures. The depicted approach is different from other methods, [9] [10] [11] [12] which apply the metallization of a rubber support and mount the components on top. Consequently, this method suffers from the level of alignment and fixation accuracy. For example, the Vanfleteren group used a wax-coated (used to accomplish a later release) flexible substrate as a mechanical support to build up the metallization and device layers. 10 The approach was well suited for some applications. However, the wax layer and the flexible substrate put some constraints on the processing temperatures, alignment accuracy, number of layers, and sequential processing steps. Instead, in our approach, a hard carrier is used (A) to enable alignment and registration, high temperature processing, conventional robotic chip placement, and "on-hard-carrier" device tests. To increase the level of fixation, the mounted components and metal tracks are fixed and surrounded with an elastomer (EcoFlex) (B). The detachment from the hard carrier and removal of the peeling layer is conducted at the last step. (greenish grey layer in a 1 ) on top of a poly(methyl-methacrylate) (PMMA AR-P 6510, Allresist) (blue layer in a 1 ) coated silicon (Si) wafer (grey layer in a 1 ) is used. The peeling layer provides a mechanically flexible but not stretchable peeling foil, which has a low level of adhesion to the PMMA coated carrier and a strong and adjustable level of adhesion to the metal, circuit elements, and rubber matrix on top. The required strong adhesion to the rubber matrix and to the metallization layer is achieved by plasma activation of the polyimide surface (30 sccm O 2 , 100 W RF power for 5 min).
As metallization layer, we used a 200 nm thick sputter coated layer of Cu. This Cu layer is patterned by photolithography and used as a seed layer to grow 10 lm thick layer of electroplated Cu to increase the mechanical robustness of the metal tracks (orange layer in a 1 ).
A second 10 lm thick PI layer (PI 2611) is spin coated on top of the metal tracks and patterned by photolithography. The patterned PI layer covers the top and sidewalls of the 10 lm tall and 50 lm wide metal tracks and acts as an intermediate cladding layer between the metal and the rubber matrix. The insert provides a tilted scanning electron microscope (SEM) image of the PI encapsulated meander-shaped metal track. This protecting PI cladding increases the mechanical stability of the metal tracks when being stretched. Also, the cladding layer leads to an increased adhesion of the metal tracks to the rubber matrix. Additionally, the PI cladded metal tracks increase the lifetime of the structure.
The patterned PI layer also serves as a mask in the solder bump application process. The openings enable the application of the depicted solder bumps (white grey in a 2 ) using a parallel dip coating process in a liquid solder bath. 13 The process is compatible with various types of chip attachment and assembly methods including solder bump based interconnects, flip-chip die attach, robotic pick-andplace, or engineered self-assembly using molten solder. 14, 15 In the demonstrated case, we used a semi-automated pick-andplace process. The depicted demonstrator contains a total number of 5 analog MEMS microphones (3.76 Â 2.95 Â 1.2 mm, Knowles SPU0414HR5H-SB). The peripheral SMD resistors (1.6 Â 0.8 Â 0.45 mm) and capacitors (1.6 Â 0.8 Â 0.8 mm, and 2 Â 1.2 Â 1 mm) adjust the gain of an internal operational amplifier and the cut off frequency.
We introduced 3D reinforcing frames (violet in a 3 ) to increase the robustness of the structure and specifically, to shield the transition region and electrical connections to the rigid objects from high levels of stress. The reinforcement frames are printed using a 3D printer (Ultimaker 2þ). The frames are assembled on the hard carrier following similar semi-automated pick-and-place process used for the SMDs. During the assembly process, the substrate was heated from the back to stabilize the frames.
The depicted approach enables "on-hard-carrier" functionality tests. This is different from other methods, which build on a soft substrate. [16] [17] [18] We find this beneficial since it allows us to identify failure modes of the circuit and device layer before and after we detach, bend, or stretch the structure. Figure 1 (b) describes the rubber encapsulation and detachment process. We used a castable 3 mm thick and thermo-curable (room temperature, 15 h) layer of EcoFlex (Smooth-On, EcoFlex 00-30) as a stretchable encapsulation layer (pink in b 1 ). To increase the bond strength between the assembled circuit elements and the EcoFlex, a preceding 5 min long O 2 plasma activation step was used. The plasma activation step reduces the onset of cavitation creation and delamination during stretching.
A wafer-scale, solvent-free detachment process (b 2 ) is used to detach the components and the stretchable circuit from the hard carrier and to increase the range of devices and components that can be used. 1 Instead of using a solvent, the detachment process uses the differential interfacial adhesion of the stacked layers to define an interface that can be cleaved. The detachment process works particularly well using the introduced PI (greenish grey) film, which forms a uniform non-stretchable and supporting peeling layer beneath the circuit.
After detachment, the Cu metal tracks continue to be covered with the PI peeling foil, which is removed using Electron cyclotron resonance (ECR) plasma etching (40 sccm O 2 , 10 sccm CF 4 , 100 W RF, 30 min at 0.0025 mbar, SQ160 Roth and Rau AG). The resulting structure has a surface mount like geometry, which means one of the faces of the copper tracks is accessible for electrical contacts leaving the other three faces protected with PI/EcoFlex (b 3 ). It is also possible to fully encapsulate the circuit with a final application of a second EcoFlex layer on the back side. Figure 1(c) shows the image of a metamorphic microphone array in a rubber matrix. In this example, the planar array (left) morphs to a hemispherical array by air inflation (right). The test structure is a uniform 2 mm thick EcoFlex rubber matrix in a circular polymer ring with a diameter of 4 cm to form a pressure seal and electrical connections with an opposing surface. Figure 2 (a) illustrates the circuit diagram for each set of microphone (a 1 ) and the layout of the microphone array within a 100 mm in diameter substrate (a 2 ). The circuit was planned according to the recommended design from the microphone manufacturing company. 19 The parameters of the resistors (R ¼ 20 kX) and the capacitors (C 1 ¼ 47 nF and C 2 ¼ 0.1 lF) are chosen to have a gain of 6 dB. A fixed 3 V battery was used as a power source in order to avoid any noise from a DC power supply. C 3 (¼ 10 lF) was used externally to remove the DC offset from the signal.
The inter-distances of the microphones (a 2 ) are important in order to understand and calculate the amplitude and phase differences. The distances are measured between microphone's middle points (a 2 ). Assuming that the velocity of the sound in the air at room temperature is 345 m/s, then, for instance, an acoustic wave propagating from the top to the bottom (-y direction) in the same plane will have an internal time difference (ITD) between microphone 1 (m 1 ) and microphone 3 (m 3 ) of 159 ls. While for the same signal, microphone 2 (m 2 ) and microphone 4 (m 4 ) will have no or a very little ITD. Similarly, an acoustic wave propagating from the left to right (þx direction) in the same plane will have an ITD between microphone 4 (m 4 ) and microphone 2 (m 2 ) of 188 ls. While for the same signal, microphone 1 (m 1 ) and microphone 3 (m 3 ) will have almost no ITD. Figure 2 (b) depicts the schematic and experimental setup for the microphone functionality test. The microphones are characterized in a semi-anechoic room. A coaxial loud speaker is used as the acoustic source and the sounds are recorded through all the testing microphones at the same time. Two different frequencies are tested (1, and 5 kHz). Only results from 1 kHz are used here for the localization. The microphones signals are recorded using a computer with an audio interface at a sampling rate of 192 000 at 24 bits. The recorded audio files are analysed and plotted using a MATLAB computer program. The experimental set up and the parameters for the microphone testing are kept unchanged for each test.
As application of the metamorphic microphone array we estimated the location of a sound source. Figure 3(a) depicts the recorded 1 kHz acoustic signal using the planar array (a 1 ). The instantaneous amplitude differences (a 2 ) and the internal time difference (ITD) derived from the phase differences (a 3 ) are plotted to estimate the sound source localization.
These values are used to estimate the location of a sound source using "cone of confusion" method. 8 At first, the direction of the sound is estimated using the amplitude differences. For example, m 1 (cyan in a 2 ) has the highest amplitude and m 3 (blue in a 2 ) has the lowest amplitude. This means that m 1 points in the direction of the sound source.
For further localization, the cone of confusion algorithm is used. It is based on the internal time difference t in of the received signal between microphone pairs i and n. In short, the time difference for each pair is used to compute the "cone of confusion angle h in "; as illustrated in supplementary material Fig. S1 . For this, we assumed that the distance of the sound source is l ) d in , where d in is the distance between the respective microphone pair. Then, we can estimate that the acoustic waves travelled to the microphones are parallel. In that case, the centre of two receivers which have the same arrival time difference is a shell of a rotating hyperbola, which can be approximated by a cone. This is known as the cone of confusion; the cone axis lies along the connecting line between the microphone pair 8 (see supplementary material for details). Then, we can calculate, h in ¼ cos
where c is the speed of sound. Each microphone pair yields a separate cone from where the signal could be from and the intersection of all possible cone pairs yields the best possible location estimate.
The result of the sound localization for the planar array is presented in Fig. 3(b) . In this case two intersecting cone volumes were estimated as the possible location, one above and one below the X-Y plane. They are presented by the shaded grey regions, each having a volume of 12 600 cm 3 . The red circle shows the actual position, and the purple dots represent the estimate location (the centre of the gravity of the intersecting cone volume) using the ITD. The distance between the actual location and the estimated locations is 24 cm each. Note that none of these solutions enclose the real position of the source.
The same measurement was carried out using the air inflated hemispherical microphone array and the result is shown in Fig. 4 . In this case, the amplitude differences are increased (a 2 ); this is due to the orientation of the individual microphones. Some microphones point at the sound source and provide stronger amplitude. Equally the phase difference is increased since the distances between the microphones are increased in the inflated case (a 3 ).
The result of the sound localization for the hemispherical array is presented in Fig. 4(b) . Unlike the planar array, the hemispherical array provides only one solution, which encloses the real position of the source. In this case, the intersecting cone volume is 1100 cm 3 . The deviation between the actual location and the estimated locations is 8 cm. Table I summarises the results of the two arrays and compares the sound source location estimation (Figs. 3 and 4) . The intersecting cone volume is decreased by a factor of 12 for the hemispherical array compared to the planar array. The distance between the estimated location and the actual sound source was 24 cm using the planar configuration and improved to 8 cm as the topology morphed to the hemispherical shape. This is because in 2D planar orientation, all possible pairs of microphone are placed in a same plane, and the elevation angle cannot be determined precisely since there are two possibilities [ Fig. 3(b) ]. On the other hand, in 3D hemispherical orientation, elevation angle can be determined precisely [ Fig. 4(b) ] since at least one microphone is placed in outer plane, which gives at least 4 microphone pairs in different planes and the rest of the pairs remains in same plane. Subsequently, this also increases the precision of the The estimation of the sound source using "cone-of-confusion" algorithm. localization by 12Â in the cone volume and by 3Â in the linear distance. Our experiments show that a change in morphology influences the device functionality. With a planar microphone array, it is not possible to locate the correct position of a sound source if the source is place in the same plane. The three dimensional arrangement provides this functionality.
In our view, there should be many more applications. Limitations in our view are technology related. Stretchable electronics continues to be limited when it comes to large number of interconnects or multilayer designs, which cannot be made reliably using the current state of the art. The current single metallization layer design is competitive. It had a total of 60 interconnects, contained 5 different device types, and required the placement of a total of 25 commercially available surface mount devices (SMDs). These metrics exceed those commonly reported in the field of stretchable electronics. However, these metrics are small in the context of conventional printed circuit board assemblies. The next step should be research to enable large number of stretchable interconnects, stretchable vias, and placement of microscopic components to distribute the function. This technology would help other applications.
In principle, flexible and stretchable sensor arrays could be fabricated. The arrays could be wrapped around a 3D shaped body for material or medical diagnosis including 3D imaging. Material related diagnostics including fatigue, crack, distance, or thickness measurements could be improved. In medical science, acoustic sensors arrays are widely used 20 in applications such as echocardiogram, gastroenterology, anaesthesiology, gynaecology, neonatology, cardiology, urology, and neurology.
In summary, we reported a method to produce a metamorphic integrated microphone array using a process, which is compatible with conventional printed circuit board technologies, commercially available surface mount devices, and robotic mounting methods.
As a demonstrator, we presented a planar microphone array in a rubber matrix, which morphs from a planar to a hemispherical array. As expected, the hemispherical array performed well in 3D sound source localization applications. The reported geometries were fairly simple. However, more complex 3D geometries are possible using metamorphic electronics.
1 This is beneficiary, since it allows the users to adapt the geometrical shape of the system as required, which is not possible using conventional microphone arrays on rigid carrier. Moreover, stretchable microphone array on rubber substrate allows us to adjust the dimensions (such as interdistance of the microphones) of the device without fabricating a new array, which is not possible by conventional microphone arrays on rigid carrier. Metamorphic acoustoelectronics would improve the performance of the microphone arrays, and would open applications beyond current imagination.
See supplementary material for detail fabrication processes, and discussions and illustration of "cone of confusion".
